INTRODUCTION {#SEC1}
============

Human telomeric G-rich DNA sequences can form G-quadruplex (G4) structures through Hoogsteen hydrogen bonding in the presence of monovalent cations ([@B1],[@B2]). G4 formation can inhibit telomerase activity leading to suppression of cancer cell proliferation. Thus, telomeric G4s are potential therapeutics and targets for drug design ([@B3]--[@B6]). However, even slight variations in human telomeric sequences can result in different G4 structures. For example, d\[TAG~3~(T~2~AG~3~)~3~\] (Tel23) adopts a three-layer hybrid-I G4 topology ([@B7],[@B8]), whereas d\[G~3~(T~2~AG~3~)~3~T\] (Tel21-T) adopts a two-layer basket G4 topology ([@B9]). In addition, different G4 structures can coexist for the same human telomeric sequence, such as those for d\[AG~3~(T~2~AG~3~)~3~\] (Tel22) in K^+^ solution ([@B10],[@B11]). Such structural polymorphisms make telomeric G4s challenging not only for structural analysis but also for drug design ([@B12],[@B13]). Recently, Phan *et al*. ([@B14]) showed that all different nonparallel forms of human telomeric G4s can be converted into parallel forms in the presence of 40% (v/v) polyethylene glycol (PEG). Despite the crowding condition that resembles cellular environments ([@B14]--[@B16]), the underlying mechanism of PEG-induced G4 conformational changes is not owing to the crowding effect ([@B17]--[@B19]).

Inspired by the solvent properties of PEG, we designed a derivative of a previously reported G4 ligand: 3,6-bis(1-methyl-4-vinylpyridinium) carbazole diiodide (BMVC), by covalent attachment of a tetraethylene glycol (8C3O) terminating in a methyl-piperidinium cation; we named this derivative BMVC-8C3O ([@B19]). Upon binding to G4s, the BMVC moiety introduced 8C3O into the solvent sphere of the G4 structure and thus caused local dehydration. It is known that in addition to converting non-parallel forms of human telomeric G4s to parallel forms, BMVC-8C3O binding dramatically increases thermal stability (as shown by an increased melting temperature of \>45°C). The ability of BMVC-8C3O to induce G4 topological conversions in the μM range implies that the underlying mechanism is not due to a bulk solvent effect, but rather due to a local dehydration effect that disrupts the water structure in the vicinity of the G4. Water depletion favors formation of the parallel form, as shown by X-ray crystallography ([@B20],[@B21]). Nonetheless, the mechanism underlying this topological conversion has not been described previously.

A number of reports have described the folding and transition kinetics of human telomeric G4s. Yang *et al*. ([@B22]) suggested that the rapid spectral conversion reflects topological rearrangement of Tel22 from the basket Na^+^ form to a hybrid K^+^ form via the opening of the central G-quartet during the Na^+^/K^+^ exchange. Based on molecular dynamic simulations, Sugiyama *et al*. ([@B23]) proposed the presence of a triplex intermediate along the G4 folding pathways. Imino proton-based NMR-HDX analysis displays exquisite sensitivity towards G-quartet opening during conformational rearrangements, and we applied such a strategy to establish that Na^+^/K^+^ exchange in Tel23 G4 involves neither rapid unfolding nor triplex intermediates as evidenced by the long-lived imino proton resonances corresponding to the middle G-quartet during HDX ([@B24]). We further determined the topology of the Na^+^ form of Tel23 G4 to be the same hybrid form as that of the K^+^ form of Tel23, which highlights the possibility for G4s to display rapid spectral conversions, for both NMR and far-UV CD spectroscopy, without major conformational changes via unfolding and refolding. Very recently, Schwalbe *et al*. ([@B25]) employed high resolution NMR spectroscopy to delineate the topological change between hybrid-I and hybrid-II of d\[T~2~G~3~(T~2~AG~3~)~3~A\] (Tel24-M), which involves the formation of partially unfolded hairpin-like structures, illustrating the broad range of possibilities for human telomeric G4s to undergo topological interconversions.

In this study, we employed NMR spectroscopy to determine the topology of Tel23 in a K^+^ solution after topological conversion upon the addition of BMVC-8C3O. The G4 topology observed was the same as that attained by other G4s in the presence of concentrated PEG ([@B14]). Furthermore, we employed time-resolved imino proton NMR spectroscopy coupled with HDX analysis to elucidate, at a nucleotide-specific level, the transition pathway and kinetics of topological conversion from an initial hybrid G4 to a final parallel G4 as a result of BMVC-8C3O binding to Tel23. Supplementary Table S1 lists the DNA sequences studied in this work.

MATERIALS AND METHODS {#SEC2}
=====================

Preparation of reagents and samples {#SEC2-1}
-----------------------------------

The chemical synthesis of BMVC-8C3O was performed as described previously ([@B19]). All unlabeled oligonucleotides were purchased from Bio Basic (Ontario, Canada); the site-specifically ^15^N-labeled oligonucleotides were synthesized using the solid-phase method as described previously ([@B24],[@B26]). DNA concentrations were determined by absorbance at 260 nm using a UV-Vis absorption spectrometer (Nano-Viewer, GE Healthcare). The oligonucleotides were dissolved in a buffer consisting of 10 mM Tris-HCl (pH 7.5) and 150 mM KCl unless otherwise specified, followed by heat denaturation at 95°C for 5 min and slow annealing to 25°C (1 min/°C). The annealed oligonucleotides were stored at 4°C overnight prior to use.

CD spectroscopy {#SEC2-2}
---------------

The CD experiments were conducted using a spectropolarimeter (J-815, Jasco, Tokyo, Japan) with a bandwidth of 2 nm, at the scanning speed of 50 nm/min and step resolution of 0.2 nm across the spectral range of 210--350 nm. The sample concentration was 5 μM in the buffer specified above.

Kinetic binding experiment {#SEC2-3}
--------------------------

G4 ligand binding was measured using label-free technology (Bio-Layer Interferometry, BLI) (ForteBio, Inc., Menlo Park, CA). The affinity measurements were performed with the Octet RED96 system equipped with superstreptavidin (SA) biosensor tips (ForteBio, Inc., Menlo Park, CA, USA). The assays were performed at 25°C and 1000 rpm. The tips were loaded with 500 nM of biotinylated G4 sequence for 5 min. The typical capture levels of eight biosensors were in the range of 0.4--0.5 nm. The association (k~on~) and dissociation (k~dis~) were then established by dipping the biosensors for 10 min in various concentrations of BMVC-8C3O dispensed in 96-microwell plates (Fisher Scientific, Turnberry Drive, Hanover Park, IL, USA) at a volume of 200 μl per well. The data were processed and analyzed using the Octet data analysis software version 7.0 (ForteBio, Inc., Menlo Park, CA). The binding profile is a comparison of the shift in the interference patterns of light reflected from a reference layer within the biosensor versus molecules as the bind to the biosensor tip. The results were fitted to a two-site binding model, which is presented in supplementary information (Equation S1).

NMR spectroscopy {#SEC2-4}
----------------

All NMR experiments were performed on a Bruker AVIII 500 MHz NMR spectrometer equipped with a prodigy probehead and on a Bruker AVIII 800 MHz NMR spectrometer equipped a cryoprobe (Bruker, Karlschurle, Germany). The 1D imino proton NMR spectra were recorded by a WATERGATE or a jump-return pulse sequence for water suppression. The 1D ^15^N-^1^H SOFAST-HMQC spectra were used for unambiguous assignment of individual imino proton resonances using a series of site-specifically ^15^N-labeled NMR samples, where 8% of ^15^N-labeled guanine was introduced into one of the 11 G-quartet-forming guanine residues as described previously ([@B24],[@B26]). In the NMR experiments, the analyte concentrations were typically 100--200 μM for the 1D experiments and 0.5--1.0 mM for the 2D experiments, in buffer consisting of 10% (v/v) D~2~O, 150 mM KCl and the internal reference 0.1 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid. The resonances of exchange protons were assigned using two-dimensional nuclear Overhauser effect spectroscopy (mixing time 50--400 ms).

NMR-HDX {#SEC2-5}
-------

For these experiments, five equivalents of BMVC-8C3O were added to a G4 without annealing, followed by lyophilization. The lyophilized oligonucleotides were resuspended in 99% D~2~O at a DNA concentration of 100--200 μM immediately before NMR spectroscopy with a dead time of ∼3 min. The time for recording an individual NMR-HDX spectrum was 8 min.

RESULTS {#SEC3}
=======

Topology of a Tel23 G4 after topological conversion induced by BMVC-8C3O {#SEC3-1}
------------------------------------------------------------------------

Multidimensional NMR spectroscopy was used to determine the topology of Tel23 G4 induced by BMVC-8C3O. Rapid changes in the imino proton NMR spectra of Tel23 were observed immediately after the addition of five equivalents of BMVC-8C3O, followed by a slower spectral change (Figure [1A](#F1){ref-type="fig"}). The imino proton NMR assignments of the initial and final forms of BMVC-8C3O-bound Tel23 were achieved by recording one-dimensional ^15^N-edited SOFAST-HMQC spectra for site-specific assignment of the imino (Supplementary Figure S1) and aromatic proton resonances along with NOE assignment of the cross-peaks between imino and H8 protons (Figure [1B](#F1){ref-type="fig"}). The end state of the BMVC-8C3O-bound Tel23 consists of three G-quartets with identical hydrogen bonding directionalities, i.e. G-3→G-9→G-15→G-21, G-4→G-10→G-16→G-22 and G-5→G-11→G-17→G-23, resulting in a double-chain-reversal configuration for all connecting loops. The folding topology was confirmed by the sequential H1-H1 NOEs between neighboring guanines, i.e. G-4/G-5, G-10/G-11, G-16/G-17 and G-21/G-22 (Supplementary Figure S2A). The distinct sequential H8-H1′ NOEs from T-1 to G-23 and their patterns further suggested that all guanines adopted an anti-glycosidic conformation (Supplementary Figure S2B). Taken together, our NMR data established that the end state of the BMVC-8C3O-bound Tel23 in K^+^ solution is in a parallel topology (Figure [1C](#F1){ref-type="fig"}), which is the same all-parallel topology as previously observed in the crystalline state by X-ray crystallography and under dehydration conditions by solution state NMR spectroscopy ([@B14],[@B20],[@B21]).

![A folding topology of a Tel23 G4 induced by BMVC-8C3O. (**A**) Imino proton NMR spectra of the Tel23 G4 in the presence of 150 mM K^+^ (bottom) and time-resolved imino proton NMR spectra recorded at 10 min and at 0.5, 2, 5 and 10 h after addition of 5 eq. BMVC-8C3O at 310 K, as indicated in the ascending order. (**B**) An expanded NOESY spectrum of the Tel23 G4 in complex with BMVC-8C3O; the spectrum was recorded with mixing time 250 ms and showed the H1/H8 correlations. Green, black and red labels correspond to the top, middle and bottom G-quartets, respectively. (**C**) Schematic representation of the Tel23 G4 topology induced by BMVC-8C3O.](gkw145fig1){#F1}

NMR-HDX revealed a novel transition pathway of topological conversion from a hybrid G4 to a parallel G4 of Tel23 induced by BMVC-8C3O and acetonitrile {#SEC3-2}
------------------------------------------------------------------------------------------------------------------------------------------------------

To determine whether such topological conversion involves global or local rearrangements, we analyzed NMR-HDX data to elucidate the mechanism underlying the BMVC-8C3O binding-induced topological transition of Tel23 (Figure [2A](#F2){ref-type="fig"}). Immediately after the addition of D~2~O, most of the imino proton signals corresponding to the top and bottom G-quartets, except for that of G-3, disappeared due to fast HDX processes while the imino proton signals of the central G-quartet (G-4, G-10, G-16 and G-22) persisted for several hours, indicating stable hydrogen bonding of the central G-quartet. Concurrently, the persistent imino protons of the central G-quartet exhibited up-field-shifted chemical shift changes during HDX, suggesting conformational rearrangements that do not open the central G-quartet, and will otherwise lead to immediate signal quench due to rapid HDX for unprotected imino protons (Figure [2A](#F2){ref-type="fig"}) ([@B24]).

![NMR spectroscopy with HDX of BMVC-8C3O or acetonitrile induced conformational changes in a Tel23 G4. (**A**) NMR-HDX spectra of the Tel23 G4 with BMVC-8C3O. At the initial time point, Tel23 G4 sample in the presence of 150 mM K^+^ was lyophilized after addition of 5 eq. BMVC-8C3O and then dissolved in 99% D~2~O immediately before NMR measurement, followed by recording of spectra at 25°C at 10 min; at 1, 4, 6, 12 and 24 h, in the ascending order. (**B**) Site-specific assignment of imino proton resonances in the initial and final forms of the central quartet of Tel23 during interaction with the BMVC-8C3O. The 1D ^15^N-^1^H SOFAST-HMQC spectra of 16% ^15^N-enriched Tel23 G4 samples are shown with the assignment and site-specific labeling that correspond to the labeled sites. (**C**) Imino proton NMR spectra of the Tel23 G4 in the presence of 150 mM K+ after addition of 40% v/v acetonitrile 10 mins (bottom) and after annealing, and stacked plot with NMR-HDX spectra, in which lyophilized Tel23 G4 sample in the presence of 150 mM K+ dissolved in D2O and 40% v/v acetonitrile-d3, and immediately before NMR measurement, followed by recording of spectra at 25°C at 10 min; at 1, 4, 6, 12 and 24 h. (**D**) The NMR-HDX curves of G-4, G-10 and G-22; these data were extracted from the imino proton spectra and analyzed by bi-exponential fitting.](gkw145fig2){#F2}

Considering the prevalent structural polymorphism in telomeric G4s and the possibility that BMVC-8C3O may preferentially recognize and stabilize a minor conformation of Tel23 that correspond to the long-lived imino proton resonances during HDX, it is important to verify whether the four persistent imino protons during HDX correspond to a pre-existing minor population of Tel23 that corresponds to a parallel form as we deduced from the NMR data as described above. To ensure sufficient signal-to-noise ratio, we used 16% ^15^N-enriched Tel23 G4 samples to compare the ^15^N-edited imino proton NMR spectra of Tel23 between the initial state of hybrid form and final state of parallel form (Figure [2B](#F2){ref-type="fig"}). The well-defined and distinct imino proton resonances in the two different states provided strong evidence that the imino proton resonance intensity decay and concomitant chemical shift changes do reflect a high degree of protection of the central G-quartet of Tel23 from HDX during BMVC-8C3O binding-induced topological conversion. This indicates that there is no evidence of global unfolding during the topological conversion.

To examine whether these persistent imino protons are only induced by ligand binding, NMR-HDX analysis was conducted in the presence of 40% acetonitrile (ACN) to monitor topological conversion of Tel23 into a parallel form under dehydration conditions (Figure [2C](#F2){ref-type="fig"}) ([@B14],[@B17]). The results showed that after the addition of D~2~O, concurrent decay of the central four imino proton signals of the initial hybrid G4 and emergence of the central four imino proton signals of the final parallel G4 were observed within the first 4 h and eventually all imino proton signals disappeared after 12 h. It appears that the conversion process that exhibits long-lived imino proton signals of the central G-quartet during NMR-HDX is not limited to ligand-induced process but also in solvent induced process. However, the existence of persistent imino proton signals during HDX is likely due to further stabilization of G4 by BMVC-8C3O binding ([@B19]).

Detailed comparison of the NMR-HDX data revealed that the rate at which the imino proton signal of G-10 decreases is significantly lower than that of the other three guanines within the central G-quartet (Figure [2D](#F2){ref-type="fig"}). Because of severe spectral overlap between G-11 and G-4, G-15/G-9 and G-16, and G-21 and G-22, most of HDX kinetic traces of the observed imino proton required multiple exponential fitting to account for the multiple components (Figure [2D](#F2){ref-type="fig"}). The HDX time constant of G-10 was extracted from single exponential fitting to be 690 min, whereas those of G-4 and G-22 required bi-exponential fitting that resulted in two time constants, 15 min and 300 min; the shorter time constant is attributed to the rapid HDX of G-21 or G-3 that are more exposed to bulk solvent. Differential HDX rates of these central imino proton signals suggested asymmetric local dynamics during the topological conversion from a hybrid G4 to a parallel G4 of Tel23 as a result of G-tract flipping, which is reminiscent of the asymmetric HDX behavior of c-kit2 ([@B27]). Collectively, these results suggested that G-10 sustains more stable hydrogen bonding during the topological conversion after the binding to BMVC-8C3O.

NMR-HDX analysis of topological conversion of other telomeric G4s induced by BMVC-8C3O {#SEC3-3}
--------------------------------------------------------------------------------------

Since BMVC-8C3O binding can induce topological changes of different non-parallel human telomeric G4s into the same parallel topology ([@B19]), we examined whether the central imino proton signals of these telomeric G4s are also long-lived during BMVC-8C3O-induced topological conversions, particularly the topological conversion of \[AG~3~(CTAG~3~)~3~\] (22-CTA), since 22-CTA forms an anti-parallel chair G4 containing two G-quartets and a G•C•G•C quartet in K^+^ solution ([@B28]). Notably, the imino proton NMR spectra of the end topologies of 22-CTA and Tel22 after transition induced by BMVC-8C3O are almost identical, implying that both form similar parallel G4s containing three G-quartets ([@B19]). Thus, one would expect that the ligand-induced topological conversion of 22-CTA involves global unfolding. Indeed, the imino proton signals of the final parallel G4 of 22-CTA were not observed during topological conversion (Figure [3A](#F3){ref-type="fig"}), suggesting the opening of the central G-quartet during the topological conversion. Interestingly, several weak imino proton signals of the final parallel G4 of Tel22 appeared during topological conversion (Figure [3B](#F3){ref-type="fig"}). Considering that the coexistence of two major G4 topologies of Tel22 in K^+^ solution have not been determined, it is therefore crucial to define the G4 topologies before and after ligand binding as reference points for the study of topological conversion. Since the previous study suggested that Tel22 could form a hybrid G4 in K^+^ solution ([@B10],[@B11]), these weak signals of the final parallel G4 may result from topological conversion of the initial hybrid G4. NMR-HDX analysis was further applied to test a hybrid-II G4 of d\[TAG~3~(T~2~AG~3~)~3~TT\] (Tel25) ([@B8]), the central imino proton signals of Tel25 were also long-lived during topological conversion (Figure [3C](#F3){ref-type="fig"}). Nevertheless, the middle four imino proton NMR signals of these final parallel G4s induced by BMVC-8C3O binding were all long-lived during HDX (Supplementary Figure S3), suggesting that these middle four imino proton signals are valid markers for analysis of the opening of the central G-quartet during topological transition.

![NMR spectroscopy with HDX of BMVC-8C3O or acetonitrile induced conformational changes in human telomeric G4s NMR-HDX spectra of lyophilized (**A**) 22-CTA, (**B**) Tel22 and (**C**) Tel25 G4 sample in the presence of 150 mM K^+^ after addition of 5 eq. BMVC-8C3O and 99% D~2~O, followed by recording of spectra at 25°C at 10 min; at 1, 4, 6, 12 and 24 h, in the ascending order.](gkw145fig3){#F3}

Investigation of the BMVC-8C3O binding to a hybrid G4 and a parallel G4 {#SEC3-4}
-----------------------------------------------------------------------

To examine the binding kinetics of BMVC-8C3O to the initial (hybrid) and final (parallel) G4 states, we used interferometry to measure the association and dissociation rate constants as a function of ligand concentrations (Figure [4A](#F4){ref-type="fig"}). A two-site binding model (Equation S1) was applied to fit the observed binding curves resulting in two association rate constants (k~a~) 1.1 × 10^4^ M^−1^ s^−1^ and 4.4 × 10^3^ M^−1^ s^−1^, and two dissociation rate constants (k~d~) 2.9 × 10^−3^ s^−1^ and 4.4 × 10^−2^ s^−1^, respectively, resulting in two association constants (K~a~) 3.8 × 10^6^ M^−1^ and 1.0 × 10^5^ M^−1^ (Supplementary Table S2). If BMVC-8C3O had a higher binding affinity for the parallel G4 over hybrid G4, as a result the topological conversion could be attributed to conformational selection. To verify the possibility of a conformational selection mechanism of BMVC-8C3O preference for G4s, we further examined its binding to a parallel G4, GT19M, d\[(TAG~3~)2TG~3~TAG~3~\] ([@B29]). The binding kinetics of BMVC-8C3O to GT19M are shown in Figure [4B](#F4){ref-type="fig"}. The results are similar to that of Tel23 with two similar k~a~ values 1.5 × 10^4^ M^−1^ s^−1^ and 4.7 × 10^3^ M^−1^ s^−1^, and two similar k~d~ values 2.6 × 10^−3^ s^−1^ and 4.4 × 10^−2^ s^−1^, that yield two association constants, 5.8 × 10^6^ M^−1^ and 1.1 × 10^5^ M^−1^, respectively. Similar ligand binding parameters to the hybrid G4 of Tel23 and parallel G4 of GT19M (Supplementary Table S2) suggested that BMVC-8C3O has no specific binding preference to these G4s of distinct topologies.

![Kinetic binding curves for the interaction of BMVC-8C3O with (**A**) Tel23 and (**B**) GT19M G4. The kinetic traces as shown on increasing BMVC-8C3O concentration from 0.75 μM (lower curve) to 6 μM (upper curve) were fit to a two-site binding model (red lines) using the built-in software of ForteBio with a correlation coefficient (R^2^ = 0.99). The experiments were conducted in 10 mM Tris-HCl buffer with 150 mM K^+^ at 25°C.](gkw145fig4){#F4}

Transition kinetics of the topological conversion of Tel23 G4 based on time-resolved imino proton NMR spectroscopy {#SEC3-5}
------------------------------------------------------------------------------------------------------------------

Kinetic insight into the G4 topological conversion is important not only for a better understanding of the relevant biological functions but also for better understanding of DNA folding dynamics. In this work, ligand binding is the driving force for conformational change. For simplicity, the transition kinetics of ligand induced topological conversion induced by BMVC-8C3O may be briefly described as: $$\documentclass[12pt]{minimal}
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\end{equation*}\end{document}$$ where S and L are G4 and ligand, i.e. BMVC-8C3O, and SL and SL~F~ are the initial and final states of the G4-ligand complex, k~a~ is the association rate and k~b~ is the dissociation rate of ligand binding, and k~c~ and k~d~ are the forward and reverse transition rates of topological conversion, respectively. The analytical solutions for a three-state transition model ([@B30]) have been described in supplementary information (Equation S2). The individual rate constants were determined experimentally and fit to a three-state transition model to yield the populations of individual states as a function of time (Supplementary Figure S4). The results indicated that the higher reaction rate of ligand binding has no appreciable effect on the lower transition rate of topological conversion.

To explore the nature of a potential folding intermediate of Tel23 during topological conversion, we collected a series of time-resolved ^15^N-edited imino proton NMR spectra with site-selective ^15^N-labeling to avoid assignment ambiguity resulting from spectral overlap (Figure [5A](#F5){ref-type="fig"}). For G-4, a weak imino proton signal was observed at ∼10 ppm in addition to those correspond to the initial and final states, and it was tentatively assigned to an intermediate state of G-4. Several intermediate imino proton resonances were also observed for other G4-forming residues (Supplementary Figure S5). Collectively, three well-resolved kinetic traces that correspond to the intermediate populations of G-4, G-9 and G-11 were extracted (Figure [5B](#F5){ref-type="fig"}). These intermediate states exhibit different reaction kinetics, suggesting that the BMVC-8C3O-induced topological conversion indeed involves multiple steps. In order to construct an energy diagram to describe the BMVC-8C3O binding-induced conformational transition, we subsequently determined the reaction kinetics across a range of temperatures (Figure [6A](#F6){ref-type="fig"} and Supplementary Figure S6).

![(**A**) Time-resolved ^15^N-edited-imino proton spectra of Tel23 G4 after addition of 5 eq. BMVC-8C3O, with site-specific labeling at the G-4 position. The spectra were recorded 2, 6, 12 and 18 h after ligand addition, as shown in the ascending order. (**B**) Kinetic curves of the G-4, G-9 and G-11 intermediates of Tel23 G4 after addition of 5 eq. BMVC-8C3O at 303 K.](gkw145fig5){#F5}

![(**A**) Imino proton NMR spectra of the Tel23 G4 in the presence of 150 mM K^+^ (bottom) and time-resolved imino proton NMR spectra recorded at 10 min and at 7, 14, 21 and 28 h after addition of 5 eq. BMVC-8C3O at 303K, as indicated in the ascending order. (**B**) The kinetic trace from the intensity of peaks of the imino proton in G-4. The decay signal of the initial form (blue) and the arising signal of the final form (black) were normalized and then fitted to a linear three-state kinetic model (red lines). (**C**) Arrhenius plots of the rate constants k~1~, k~2~ and k~3~ of imino proton G-4 against temperature, with the slopes of 30, 24 and 42 kcal/mol, respectively.](gkw145fig6){#F6}

Although the intermediate signals of other G4-forming residues were too weak to be quantified, there is evidence to suggest the involvement of multiple steps during the topological conversion given the differential kinetic rates observed for G-4, G-9 and G-11 (Figure [5B](#F5){ref-type="fig"}). Thus, the transition pathway of topological conversion can be described as: $$\documentclass[12pt]{minimal}
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Using the time-resolved imino proton signals of G-4, which has the highest spectral quality (Figure [6B](#F6){ref-type="fig"} and Supplementary Figure S6), associated with the initial and final states of individual guanines as input for a three-state kinetic model (Equation S2), we could extract the transition rates, k~1~, k~2~ and k~3~ associated with each step of the topological conversion from the initial hybrid form (SL~0~) via the folding intermediate (SL~I~), to the parallel form (SL~F~) (Figures [6B](#F6){ref-type="fig"}, Supplementary Figures S6, S7 and Supplementary Table S3). Here, we ignore the contribution from k~4~ because the uncertainty of k~4~ parameter is very large during the fitting. Simulation of the three-state kinetic transition with two different k~4~ values, 0 and 10^−4^ min^−1^, shows essentially identical results (Supplementary Figure S8). In addition, the topological conversion from the initial hybrid G4 to the final parallel G4 suggests the k~4~ rate should be much lower than the k~3~ rate.

The temperature-dependent kinetic rates were subsequently fit to an Arrhenius equation to yield three different activation energies (Materials and Methods), which correspond to the kinetic barrier from the initial state to the intermediate state, E~a~(k~1~) ≈ 30 kcal/mol, the kinetic barrier from the intermediate state back to the initial state, E~a~(k~2~) ≈ 24 kcal/mol, and the kinetic barrier from the intermediate state to the final state, E~a~(k~3~) ≈ 42 kcal/mol (Figure [6C](#F6){ref-type="fig"} and Supplementary Table S4). Similar energy parameters could be obtained with uncertainty for G-21 despite the apparent differences in the observed kinetic rates (Supplementary Figure S9 and Supplementary Table S3). Based on these results, an energy diagram was constructed to describe the process of topological conversion of the Tel23 G4 under the influence of BMVC-8C3O (Figure [7](#F7){ref-type="fig"}).

![A simple energy diagram of topological conversion from a hybrid G4 to a parallel G4 of Tel23 induced by BMVC-8C3O binding.](gkw145fig7){#F7}

DISCUSSION {#SEC4}
==========

In this work, we first used NMR spectroscopy to determine the end topology of the BMVC-8C3O-bound Tel23 G4 to be the same parallel form as the PEG-induced form in K^+^ solution. Since the G4 topology of Tel23 has been determined as a hybrid-I form ([@B7],[@B8]), it appears that BMVC-8C3O can induce topological conversion of Tel23 from a hybrid-I G4 to a parallel G4 in K^+^ solution. Previously, Yatsunyk *et al*. ([@B31]) showed that N-methyl mesoporphyrin IX (NMM) can induce the isomerization of Tel22 into a parallel topology in K^+^ solution because the CD spectra of NMM binding to Tel22 in 5 mM K^+^ solution showed a spectral conversion from a non-parallel G4 characterized by the 290 nm CD band to a parallel G4 characterized by the 265 nm CD band. In addition, they determined the crystallographic structure of Tel22 binding to NMM as a propeller type parallel G4 ([@B32]). It is worth noting that a parallel topology has also been determined by X-ray crystallography for Tel22 in the presence of K^+^ ([@B20]). However, the addition of NMM results in rapid signal loss of the imino proton resonances Tel22 in 5 mM K^+^ together with the emergence of broad signals that are attributed to NMM (Supplementary Figure S10A). Despite the CD spectral conversion (Supplementary Figure S10B), the poorly resolved NMR resonances suggest the formation of higher order aggregates with undefined topologies, which are difficult to characterize by NMR spectroscopy ([@B33],[@B34]). Due to differences in experimental conditions, caution should be taken when using crystal structures to describe the topological changes of G4s in solution ([@B20],[@B35]).

The BMVC-8C3O induced topological conversion of Tel23 in 150 mM K^+^ solution may be entirely different from the effect of NMM binding to Tel22 in 5 mM K^+^ solution. In this study, instead of creating a dehydrating bulk environment using highly concentrated PEG, we demonstrated that a stoichiometric amount of BMVC-8C3O is sufficient to achieve the ligand binding-induced topological conversion because increase in the local concentration of the ethylene glycol moiety of BMVC-8C3O is capable of generating localized dehydration ([@B19]). Therefore, our results suggest a novel strategy for ligand-induced topological switch in G4s, exploiting the local dehydration effect.

NMR-HDX spectroscopy provides valuable insights into the transition pathway at the level of individual guanine bases during the topological conversion. The NMR-HDX results of BMVC-8C3O-induced topological conversion of Tel23 reveal the presence of persistent imino proton signals during HDX that correspond to the central four guanines of Tel23. The gradual decay of initial hybrid G4 signals and the emergence of the final parallel G4 signal take place on a much slower timescale compared to the intrinsic HDX rates for unprotected imino protons, suggesting that the topological conversion does not involve major global unfolding events that would otherwise lead to immediate NMR signal loss during HDX. Although the primary component of Tel23 G4 in K^+^ solution has been determined as a hybrid-I form, a minor population of Tel23 G4 was observed but not characterized. It is therefore important to examine whether the topological conversion between the two distinct G4 structures can be attributed to conformational selection or induced fit ([@B31],[@B36]). Conformational selection is the result of the higher binding preference for final structure, resulting a topological change via stabilizing the thermodynamic favorable complex, while induced fit involves binding to the initial structure followed by conformational rearrangement to the final structure ([@B37],[@B38]).

To address this question, we used highly enriched site-specifically ^15^N-labeled Tel23 G4 to rule out the contribution of a minor component, which may be a parallel form, to the observed NMR signals at the initial state. We also determined the binding kinetics of BMVC-8C3O binding to the Tel23 G4 by interferometry measurement, which showed that BMVC-8C3O exhibits higher association rates (on the timescale of tens of millisecond) and lower dissociation rates (on the timescale of about hundreds of seconds) that are indiscriminative of the types of G4 topologies. Considering that the kinetics of ligand binding is over six orders of magnitudes higher than that of G4 topological conversion (milliseconds versus hundreds of minutes), these two models are not mutually exclusive ([@B37],[@B38]). If the topological conversion were a result of conformational selection and the topological conversion were on the slow-exchange regime on an NMR timescale, one would expect the coexistence of the imino proton resonances corresponding to the initial and final states during the time course of topological conversion, which was not the case for Tel23 G4 in the presence of stoichiometric amount of BMVC-8C3O. Therefore, the induced fit model is a more likely scenario for explaining the topological conversion of Tel23 from a hybrid-I G4 to a parallel G4 induced by BMVC-8C3O. A similar conclusion could be drawn for Tel25, which showed distinct imino proton signals, corresponding to the central G-quartet, that converted from the initial hybrid-II G4 to the final parallel G4 under HDX.

Having examined the possible mechanism of ligand-driven G4 structural conversion, we next investigated how G4s undergo topological conversions upon BMVC-8C3O binding by NMR-HDX analyses. Imino-proton-based NMR-HDX provides exquisite sensitivity toward G-quartet opening during conformational rearrangements, as the time window of HDX for duplex DNA is on the timescale of milliseconds ([@B39]). Thus, imino protons of an opened guanine tract must be exchanged by deuterium due to slow topological conversion. Hence, the long-lived imino proton signals of the central G-quartet due to transition from a hybrid G4 to a parallel G4 of Tel23 induced by BMVC-8C3O suggests that there is no global unfolding of G-tract involved during topological conversion. Since flipping of the third guanine tract (G-15, G-16 and G-17) is capable of converting a hybrid-I G4 to a parallel G4, we propose that the local rearrangement of flipping the third guanine tract is the major mechanism for topological conversion of Tel23 G4. In addition, the detection of intermediate signals suggests that topological conversion from a hybrid G4 to a parallel G4 is not due to a simple two-state transition by flipping of the G-tract, but involves multiple local rearrangements, due to the fact that some guanines require the anti-syn conversions during topological conversion. A similar mechanism can also account for the topological conversion from hybrid-II G4 to a parallel G4 of Tel25 induced by BMVC-8C3O.

Despite the involvement of one G•C•G•C quartet in 22-CTA G4 in K^+^ solution, NMR-HDX analysis of 22-CTA, which adopts an anti-parallel chair G4, showed no emergence of its imino proton signals of end parallel G4 during topological conversions. The difference in the NMR-HDX data between Tel23 and 22-CTA suggests the involvement of different transition pathways associated with the topological conversion. It is significant that a single strand flipping can convert a hybrid G4 to a parallel G4 as in the case of Tel23 and Tel25 without exposing the middle four imino protons too much to allow HDX, while a single strand flipping cannot convert an anti-parallel G4 to a parallel G4 as in the case of 22-CTA.

The dynamics and kinetics associated with topological conversions of G4s have been studied by several research groups using molecular dynamics simulations ([@B23]), spectroscopic methods ([@B40]--[@B42]) and single-molecule mechanical analysis ([@B43]). On the basis of these findings, Chaires *et al*. ([@B44]) proposed a folding mechanism for Tel22, where a single-stranded oligonucleotide rapidly folds into a U-shaped hairpin, followed by formation of an anti-parallel chair G4, and eventually a much slower conversion step to the final hybrid G4 via formation of a triplex intermediate. In their model, opening the first guanine tract (G-2, G-3 and G-4) can lead to the proposed triplex intermediate and subsequent flipping of this guanine tract can convert the structure into a hybrid-I G4. Very recently, Schwalbe *et al*. ([@B25]) employed high resolution NMR spectroscopy to demonstrate the presence of a slow topological change between hybrid-I and hybrid-II of Tel24-M through a partially unfolded hairpin-like intermediate state. Thus, it is possible that the conversion from an anti-parallel G4 to a parallel G4 may undergo the formation of unfolded intermediate states. Alternatively, the topological conversion from an anti-parallel chair G4 to a parallel G4 could take the transition pathway via a hybrid G4 by flipping the first G-tract and the third G-tract. Nevertheless, the details of the transient intermediates for topological conversion of anti-parallel G4s remain to be elucidated.

The use of highly enriched site-specifically ^15^N-labeled samples enabled us to unambiguously identify an intermediate signal associated with its initial and final imino proton NMR signals. Since the ligand binding rate is much higher than the rate of ligand-induced topological conversion, a three-state kinetic model was proposed to describe slow conversion of Tel23 G4 induced by BMVC-8C3O. Time-resolved imino proton NMR signals of G-4 and G-21 as a function of temperature was used to derive the associated activation energies. The results showed that the folding intermediate SL~I~ is separated by two kinetic barriers: (i) from the initial state SL and (ii) from the final state SL~F~, (26--30 kcal/mol for the first forward process, 24 kcal/mol for the reverse process and 41--42 kcal/mol for the second process). Based on CD analysis data in the presence of 40% PEG with data fitting to a two-state model to yield a single kinetic barrier (E~a~ ≈ 33 kcal/mol), the results are comparable to the kinetic barrier reported by Phan *et al*. ([@B14]). Recently, Schwalbe *et al*. ([@B25]) used a unique imino proton signal to monitor the topological conversion of a hybrid I--hybrid II transition of a DNA G4 by NMR spectroscopy; they determined the associated activation energy of 32--55 kcal/mol, which is comparable with the value that we reported in this study. Our findings indicate that the structural transition can start from the initial hybrid form via multiple intermediate states (which could not be resolved spectroscopically in our study) to the final parallel form with a long time scale (hundreds of minutes). The much higher energy barrier (41--42 kcal/mol) in comparison with the previously determined energy barrier (33 kcal/mol) for PEG-induced conformational transition of G4s can be attributed to steric hindrance of ligand binding.

CONCLUSION {#SEC5}
==========

In this study, we determined the final topology of a human telomeric G4, Tel23, in complex with a G4-specific ligand, BMVC-8C3O, to be a parallel topology that is distinct from the initial hybrid topology. NMR-HDX analysis reveals a novel transition pathway via multiple steps of asymmetric local rearrangements for the ligand-induced topological conversion of the hybrid G4s. In contrast, the anti-parallel 22-CTA G4 may undergo a different transition pathway. Thermodynamic studies on topological conversion of these telomeric G4s induced by BMVC-8C3O will be investigated in future studies. Finally, we delineate a three-state free-energy diagram based on time-resolved NMR analysis as a function of temperature. The results revealed two large kinetic barriers that separate the folding intermediate from the initial hybrid form and the final parallel form of the Tel23 G4, which display consistent lower conversion rates in the order of hours at room temperature. Investigation of the ligand-DNA interaction is important not only for drug design but also for better understanding the mechanisms underlying DNA dynamics.
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